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X-ray absorption (XAS) and x-ray magnetic circular dichroism (XMCD) spectra at the L2,3 edges 
of Mn in different (Ge,Mn) compounds are calculated from first principles. Early ab initio studies 
show that the Density Functional Theory (DFT) does not reproduce a characteristic change of 
sign in the L3 XMCD spectrum of Mn in GeaMns, which is observed in experiment. In this work 
we demonstrate that this disagreement is partially related to an underestimation of the exchange 
splitting of Mn 2p core states within the local density approximation. It is shown that the change in 
sign experimentally observed is reproduced if the exchange splitting is calculated within the Hartree- 
Fock approximation, while the final states can be still described by the DFT. This approach is further 
used to calculate the XMCD in different (Ge,Mn) compounds. It demonstrates the high sensitivity 
of XMCD, compared to XAS, to the local atomic structure around Mn absorbers. 
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I. INTRODUCTION 

The development of spintronics has emphasized the 
need for novel materials exhibiting a strong electric- 
magnetic interplay, as it would permit the design of 
new devices achieving an electric control of the mag- 
netic properties, strongly spin-polarized currents and 
magneto-transport effects, or magneto-optical functions. 

One class of such materials is that of diluted mag- 
netic semiconductors (DMSs) presenting carrier induced 
ferromagnetismii Magnetic impurities introduced in II- 
VI or III-V semiconductors exhibit a strong coupling 
to the carriers of the semiconductor, giving rise to gi- 
ant magneto-optical (giant Zcman effect) and magneto- 
transport properties. If electrically doped, DMSs 
also feature ferromagnetic interactions^ that depend 
on the carrier density in such a way 2 - that the Curie 
temperature^ and the magnetic anisotropy^ can be con- 
trolled in field effect devices. It was rapidly recognized 
that in the quest for such materials, methods comple- 
menting magnetic studies were needed: the most widely 
used are magneto-optical spectroscopy (giant Zccman ef- 
fect and magnetic circular dichroism at the bandgap)^ 
magneto-transport (magnetoresistance, anomalous Hall 
effect),— and x-ray spectroscopy (x-ray absorption spec- 
troscopy, XAS, and x-ray magnetic circular dichroism, 
XMCD, at both K and L edges). 

XAS and XMCD are two well established techniques 
for the study of the electronic and magnetic proper- 
ties of materials. The existence of dichroism sum rules, 
which have been derived theoretically^ and then suc- 
cessfully applied to XMCD experimental spectra^ makes 
it straightforward to extract quantitative information on 



the local spin and orbital magnetic moments, in partic- 
ular in the case of the 1^2,3 absorption edges of the tran- 
sition metals. Several efficient ways of calculating the 
theoretical XAS and XMCD spectra from the electronic 
structure calculations are now available for both ionic 
and metallic systems, commonly based on the density 
functional theory (DFT). Both the sum rules and DFT 
calculations at the li2,3 absorption edges work well for 
heavier 3d transition metals (i.e. Fe, Co), however they 
are more difficult to apply to lighter ones, such as Mn. 
A discrepancy as high as 50 to 80% or even a wrong sign 
has been reported between the value of the magnetic spin 
moment in 3d 4 Mn 3+ deduced from the application of the 
sum rule, and its expectation value (Note that for a 3d 5 
system the error is much reduced to a value between 68% 
and 74% with no wrong sign).— A difficulty in such an 
approach is that interaction between the photocreated 
2p-core hole and the 3d-electrons of Mn modifies con- 
siderably the shape of 1^3 spectra, leading to multiplct 
effects^ These effects are not always caught by DFT, 
and a disagreement between experimental and theoreti- 
cal 1^2,3 spectra is often found. 

Unfortunately, Mn is the transition metal impurity 
which is the most widely used to make DMSs. In II- 
VI semiconductors such as selenides and tellurides, all 
compositions up to 100% Mn can be grown by molecu- 
lar beam epitaxy. The most studied DMS with carrier 
induced ferromagnetism is (Ga,Mn)As where Mn sub- 
stitutes Ga. Values of the Curie temperature have been 
improved but stay lower than 200 K. As this is too low for 
practical applications, and in order to ensure a good com- 
patibility with silicon technology, some effort has been di- 
rected towards introducing Mn into Germanium. Recent 



2 



reports have shown significantly higher Curie tempera- 
tures, but also that the distribution of magnetic impurity 
ions is inhomogeneous.— ~— Such nanostructures, e.g. in- 
clusions, contain a locally high concentration of Mn ions. 
Thus the observed high temperature ferromagnetism can 
be explained by a stronger exchange interaction between 
Mn ions, which are separated by shorter distances in the 
inclusion. Nevertheless, interesting magneto-transport 
properties have been reported. This class of hybrid 
systems^ which exhibit high values of the Curie tem- 
perature and strong magneto-transport and/or magnc- 
tooptical properties, comprises also, e.g., (Zn,Cr)Te^ 
(Ga,Mn)N and (Ga,Fe)N±I, and MnAs in GaAs^ to cite 
but a few examples. 

Our main interest here is driven by understand- 
ing the electronic, magnetic and structural properties 
of self-assembled ferromagnetic (Ge,Mn) nanocolumns, 
a system in which high Tc (>400 K) have been 
reported^ The structural properties of the nanocolumns 
and surrounding Ge matrix have already been stud- 
ied experimentally 2 ^— and theoretically , 24 ' 25 yet an ex- 
perimental confirmation of the crystal phase in the 
nanocolumns is still to be obtained. Note that similarly 
high values of the Curie temperature have been found in 
other (Ge,Mn) samples with a different morphology^ 

Turning to XAS and XMCD at the L 2 , 3 edges, the 
XAS line is generally broader than the XMCD one. In 
intermetallic compounds, it does not show the multi- 
plet structure 2 ^ which is usually present in oxides.— It 
is therefore difficult to use XAS to investigate the lo- 
cal atomic structure around absorbers^ XMCD spec- 
tra have a more developed structure and in this work 
they are used to study local atomic structure around Mn 
atoms in different compounds. However sum rules are 
difficult to use in the present case, first because the two 
components L2 and L3 overlap, and second because we 
deal with a non-homogeneous system. Also, the XMCD 
spectra measured in both (Ge,Mn) nanocolumns and in 
the metallic Ge 3 Mn 5 alloy^r— (see Fig. Q] below) show 
a clear positive bump between the L3 and L2 lines. This 
signal could not be reproduced by DFT calculations so 
far. 

This disagreement partially comes from an underesti- 
mation of the exchange splitting of Mn 2p-states within 
the local density approximation (LDA). Assuming that 
the exchange interaction between 2p- and 3d-electrons of 
Mn is weakly screened by valence electrons, we propose 
to evaluate the splitting within the Hartree-Fock (HF) 
approximation, whereas the valence states in metals are 
still calculated within DFT. 

In this paper we apply this approach to increase the 
accuracy of the calculation of the XAS-XMCD spectra 
of Mn in the specific case of the ferromagnetic semicon- 
ductor (Gc,Mn) and related systems. This is done in a 
fashion that may be further applied to other systems. 
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FIG. 1: (a) Experimental XAS and XMCD spectra in the 
(Ge,Mn) nanocolumns measured at a temperature of 5 K and 
in a 5 T magnetic field and (b) in GeaMns at 80 K and in 
remanence (from Ref . l3(il ) . 



II. METHODS 

Experimental spectra are available for (Ge,Mn) 
nanocolumn samples and for GcsMns. 

XAS and XMCD in (Ge,Mn) nanocolumn sam- 
ples were carried out on thin films obtained by low- 
temperature molecular beam epitaxy. Details on the 
sample growth can be found in Ref. H^. The (Ge,Mn) 
samples were efficiently protected against oxidation by 
in situ deposition of a 3 nm-thick amorphous Si layer. 
Measurements were carried out at beamline UE46-PGM 
at the Hclmholtz Center Berlin using the total electron 
yield method^ A magnetic field of 5 T has been ap- 
plied in the plane of incidence of the x-rays to align the 
magnetization along the light propagation. The sample 
temperature was 5 K. Experimental XAS-XMCD spectra 
in the (Ge,Mn) nanocolumns system are shown in Fig. [T] 

We also considered XAS-XMCD spectra of the ferro- 
magnetic metal GeaMns, as reported in the literature 
both for bulk single crystals 2 ^ and for thin films ; 28 ' 30 see 
Fig. [T] They appear to be quite similar to those of the 
(Ge,Mn) nanocolumns. 

Atomic calculations and ab initio DFT based methods 
are used to calculate XMCD spectra. Ab initio meth- 
ods are based on an explicit band structure calculation, 
where hybridization of Mn atoms with neighbor atoms 
and related charge redistributions are taken into account. 
This method is therefore more suitable to predict XMCD 
spectra in compounds with different local atomic struc- 
ture. 

XAS spectra of (Ge,Mn) compounds have been com- 
puted from first principles using the FDMNES code^ 2 - 
In the dipole approximation, the x-ray absorption cross- 
section is given by: 
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x8 r {hu - £/ + (1) 

where a is the fine structure constant, fa, £j, and </>/, 
£r are eigenfunctions and eigenvalues of the initial and 
final states correspondingly, 5r is a Lorcntzian curve of 
width r determined by the core-hole life-time, and £ r 
is the photon polarization. The absorption cross-section 
is calculated for the three orthogonal directions of light 
propagation (x,y,z), and the direction of the magnetiza- 
tion along the light propagation. Then a mean value of 
the cross-section is evaluated. 

The electron final states in the cluster are calculated 
using the multiple-scattering approach and within the 
muffin-tin (MT) approximationj 33 i 34 The calculation is 
performed in a periodic crystal potential, but scattering 
paths are considered in a cluster with a diameter of 12 A. 

The crystal potential is obtained from a self-consistent 
solution of the Kohn-Sham equations within the general 
gradient approximation (GGA)^ using the full-potential 
WIEN2k code.— The spherical part of the self-consistent 
crystal potential in each MT-sphere was retained for the 
XAS calculations. Then the Schrodinger (or Dirac) equa- 
tion is solved in each MT-sphere. 

The experimental lattice parameter of bulk Go 
a=5.66 A is used in all compounds, excepting 
Ge2Mn(C16),2i and Ge 3 Mn 5 . For the Gc 2 Mn(C16) com- 
pound a=5.95 A and c=5.03 A parameters were obtained 
from a structural relaxation calculation,— while experi- 
mental values 3 -^ a=7.184 A and c=5.053 A were used for 
GesMns. In all the structures atomic positions were re- 
laxed, except for GeaMns, where experimental atomic 
positions were taken from Ref. H3. Note that a previous 
calculation shows that a relaxation of internal atomic 
positions and lattice parameters within GGA does not 
change the experimental parameters.— ~— 

In most cases the Kohn-Sham eigenvalues and eigen- 
functions, calculated in metals, are rather close to those 
obtained from the solution of the quasiparticle equation: 

-Ul 2 + V ext (r)+V H (v) </> nk (r) 
+ J E(r, r', £ nk )0„ k (r')dr' = E nk fa, k (r). (2) 

Therefore it is assumed that final state eigenfunctions 
far and eigenvalues £/ are well described by DFT in 
metallic compounds. Meanwhile the DFT eigenvalues of 
the initial states can be improved. 

The initial states in x-ray absorption spectroscopy at 
the 1^3 edges are the 2p core levels of Mn. They are 
split by the spin-orbit and 2p-3d exchange interactions, 
described by the £ and H xc parameters correspondingly. 
When H xc =0, the 2p core levels are split into a p 3 / 2 and 
a pi/2 states, separated by a 3£/2 energy interval^ The 



spin-orbit splitting in a spherical atomic potential is given 
by the term: 



C(r)l-B, 

where ((r) ~ and V is the atomic potential. This 
term is large for core orbitals, since they are localized 
near the atomic nucleus. The experimental spin-orbit 
splitting of the 2p 3 / 2 and 2pi/ 2 orbitals is 3£/2= 10.5 eV 
in Mn (£=7.0 eV)M 

The exchange splitting H xc of 2p™Z~^J 2 and 2p™^ 2 3 ^ 2 
is smaller, H xc /^ <Cl. This term arises from the exchange 
interaction between 2p- and 3d-electrons of the Mn atom. 
As a result^ the 2p-level with j=3/2 is split into four 
successive sublevels (rrij=-3/2, -1/2, 1/2, 3/2) equally 
spaced by H xc /3, with state nij=3/2 being the lowest in 
energy. The 2p-level with j = 1 / 2 is split into two sublevels 
(mj=l/2, -1/2), separated by H xc /3, with sublevel TTij=- 
1/2 the lowest in energy. The exchange parameter H xc 
can be evaluated as a difference between eigenvalues of 
the 2p-core sublevels: 
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As the exchange interaction between the 2p- and 3d- 
electrons of a Mn atom is weakly screened by valence 
electrons, a good estimate of the value of the exchange 
splitting H xc can be obtained within the Hartrce-Fock 
approximation, from a calculation of the exchange term 
in the self-energy: 
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where the Green's function is composed by the 3d- 
orbitals of the Mn atom, v is the bare Coulomb potential, 
and faj 1 are 2p-core orbitals of the same Mn atom, cal- 
culated by the DFT method. It is expected that the 
contribution of other terms of the quasiparticle equation 
© is smaller since the radial parts of faJ L orbitals with 
j =3/2, m,j =-3/2 and j=3/2,mj=+3/2 are almost identi- 
cal. 

In most cases, the spin-orbit interaction between va- 
lence electrons is neglected in our calculation (i.e., 
the Schrodinger equation is solved in each MT-sphere) 
whereas the spin-orbit splitting of the 2p core states is 
always taken into account. In order to evaluate the ef- 
fect of spin-orbit interaction between valence electrons on 
absorption spectra, fully rclativistic calculations of final 
states in Eq. ([T]) were also performed. 

The XAS and XMCD signals are evaluated as 
((7 + +<7~)/2 and (o + -o~), respectively, where a + and a~ 
are absorption cross-sections for the two circular polar- 
izations of x-ray radiation. 

Calculated XAS and XMCD spectrum at the L 2j 3- 
edges of Mn were convoluted with a Lorcntzian function 
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FIG. 2: Exchange splitting of Mn 2p-states in different com- 
pounds (see text), calculated within the GGA (circles) and 
the HF approximation (squares). Numerical values are given 
in Tab.lU The diamond symbols corresponds to the a-Ge2Mn 
compound calculated within the LDA. 



to account for the core hole lifetime (for the sake sim- 
plicity the same value 0.32 eV was used for both the 
L 2 and L.3-edges). A complementary convolution with a 
Gaussian function to account for the experimental resolu- 
tion and scaling of the spectra was performed to compare 
the calculated spectra with the experimental ones. Typ- 
ical broadening parameters a = 1.0 eV and a = 0.5 eV 
(where a is the standard deviation of the Gaussian func- 
tion) were used^. The smaller value was used for the 
XMCD spectra so as not to completely wash out the 
structure of the peaks that will be discussed hereafter. 



III. RESULTS 
A. Exchange splitting of 2p-core levels 

The exchange splitting H xc in different compounds 
(these compounds are described in more details in the 
next sections) was calculated within the GGA and the 
HF approximation. Calculation parameters and corre- 
sponding exchange splitting values are listed in Table |U 
H xc is plotted as a function of Mn spin moment in Fig. [2] 

The dependence of the exchange splitting H xc on Mn 
spin moment is almost linear, and actually small devia- 
tions from the linearity can be related to different radii 
of MT-spheres which were used to compute Mn spin mo- 
ments in the different compounds. 

The value of H xc is greatly underestimated within LDA 
and GGA. This shows the inadequacy of both LDA and 
GGA to describe correctly such an effect. Note that 
within the LDA (illustrated only for the a-Ge 2 Mn com- 
pound in Fig. [5] for clarity), not only the exchange split- 



ting but also the magnetic moment on the Mn atom are 
underestimated. 



B. GesMns, a test material 

As mentioned earlier, the intermetallic compound 
GesMns displays experimental XAS-XMCD spectra sim- 
ilar to those observed in the (Ge,Mn) nanocolums 
(Fig. [T]). Accordingly, we start our detailed study by 
considering this well-known system, which is available in 
bulk form and as thin epitaxial layers. It has a hexagonal 
crystal structure with a space group YQ^/mcm and lattice 
parameters a=7.184 A and c=5.053 A<2£ The primitive 
cell contains three inequivalent atoms, Mni, Mn 2 and Gc, 
in positions^ 

4(d) Mm:±(i,f ,0),±(§,±,±) 

6(g) Mn a :±(aj,0,J),±(0,x,J) > ±(-x,-x^) ) x=0.2397 
6(g) Ge:±(x,0,±), ±(0,x,\), ±{-x-x,\), .t=0.6030 
The experimental magnetic spin moments of Mni and 
Mn 2 atoms are different: 1.96(3) [Ib and 3.23(2) [Ib cor- 
respondingly (calculated values are listed in Table [XJ) . 
This difference was attributed to different atomic struc- 
tures around the Mn atomsi^I The local atomic structure 
of Mn atoms in GesMns, as given in Ref . l37l. is the follow- 
ing: (i) Mni neighbors are two Mni, six Ge and six Mn 2 
at distances 2.522 A, 2.534 A and 3.059 A respectively; 
(it) Mn 2 neighbors are two Mn 2 , four Mn 2 and four Mni 
at distances 2.976 A, 3.051 A and 3.059 A respectively. 
The two Mn atoms nearest-neighbors to Mni atoms are 
at a short distance (2.522 A) and it was suggested that 
the interaction with these neighbors would lead to a re- 
duction of the magnetic spin moment of Mni atoms. The 
calculated total spin moment per Mn atom is 2.75 fiB, in 
agreement with previous calculations! 38 ' 39 This value is 
slightly higher than the experimental one, i.e. 2.60 hb^ 
It was shown that a good agreement with experiment is 
found within GGA and including the spin-orbit interac- 
tion into the calculation^ 

The partial density of 3d-statcs of Mn in Ge3Mn5 is 
shown in Fig. [3J It is interesting to compare it with 
the Mn 3d DOS in a diluted magnetic semiconductor 
Gai-^Mn^As (x=0.125), where Mn atoms substitute 
Ga. The density of states at the Fermi level in GeaMns 
is significant in both spin channels and this compound 
has a metallic conductivity, as it was found in previous 
calculations^ 

Because of a strong interaction between Mn atoms, 
the 3d-bands in GeaMns arc broad. The L 2 .3 spectra 
reflect electron transitions from the narrow 2p- into the 
broad valence 3d-bands of Mn, hence the lineshapes in 
XMCD spectra at the L 2i 3 edges of Mn in intermetallic 
compounds is determined by the width of the valence 
bands. 

It can be seen from Fig. [31 that the L 2 and L 3 edges are 
narrow in Ga^zMn^As (£=0.125), in agreement with 
the narrow bands calculated for this DMS. 
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TABLE I: Values of structural and magnetic parameters obtained from an ab initio calculation: Ra/t is the radius of a muffin- 
tin sphere around the atom; Mi oca ; is the magnetic spin moment of the atom, calculated by integration of the spin density over 
the sphere; Mtot is the magnetic spin moment per formula unit; H xc is the splitting parameter, introduced in Eq. [4] For each 
compound, the number of atoms of each sort is indicated by the multiplication factor. 
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FIG. 3: 3d-states of Mn in (a) Ge 3 Mn 5 and (c) Gai-^Mn^As 
(:e=0.125). Experimental XMCD spectra at the L 2 , 3 edges 
of Mn in (b) Ge 3 Mn 5 (from Ref. Hj) and (d) Gai-^Mn^As 
(z=0.084, from Ref.[fl|). 



FIG. 4: Calculated (a) XAS and (b) XMCD spectra of 
Ge 3 Mns at the L2, 3 -edges of Mn. The exchange splitting of 
the Mn 2p core levels was evaluated within GGA (dash line) 
and HF approximation (solid line). Experimental data were 
taken from Ref. |3CI. 



The resulting XAS and XMCD spectrum, calculated 
within GGA and HF approximation, are shown in Fig. 2) 
XAS obtained within both approximations are similar 
and contain L2 and L3 edges without visible multiplct 
structure. A large value of the convolution parameter 
(7 = 1 eV in Gaussian functions allows us to reproduce 
the broad absorption lines found in experimental L2.3 
spectra of Mn. 

The XMCD spectrum contains a fine structure, which 
can be used to distinguish compounds with different 
atomic structure around Mn atoms. When all the 3d- 
states with spin up are occupied, the XMCD spectrum 
shows a negative A peak and a positive C peak4£ In 
solids, the 3c? states of Mn are partially occupied and the 
XMCD spectrum has a more complicated structure: the 
main absorption line A in the L3 edges is followed by a 
positive peak B (Fig. [3j. This feature of the absorption 
line is not reproduced by the DFT-GGA calculation^^ 
however a description of Mn 2p-3d exchange interaction 
within the HF approximation allows us to obtain a qual- 
itative agreement with experiment. In particular, line B 
is reproduced, although its intensity is smaller than in 
experiment (Fig. 2]). The intensity ratio between the two 



absorption edges L2 and L3 is improved as well. 

The influence of spin-orbit interaction on the absorp- 
tion spectrum was studied by solving the Dirac equation 
for the initial and final states. Then the exchange split- 
ting of Mn 2p sublevels was corrected and the absorp- 
tion spectrum was calculated according to Eq. ([T]). The 
influence of spin-orbit interaction on XAS and XMCD 
spectrum was found to be small (Fig. [5J, and essentially 
the same spectrum is obtained by solving the Shrodingcr 
equation with spin polarization in MT-spheres. 



C. The a-Ge 2 Mn structure 

Another structure was initially proposed by Takizawa 
et al£& for Ge4Mn, and further discussed by Arras et 
al£5. for a-Ge2Mn as a likely candidate for the crys- 
talline structure of the nanocolumns in (Ge,Mn) layers. 
This structure is derived from cubic Ge, in which the 
presence of interstitial Mn atoms lowers the formation 
energy. The formation energy of the a-Ge2Mn was also 
found to be lower than that of Ge with the usual diamond 
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FIG. 5: Calculated (a) XAS and (b) XMCD spectra of 
Ge3Mri5 at the L2,3-edges of Mn with (dashed line) and with- 
out (solid line) spin-orbit interaction. Both spectra are almost 
superimposed, showing the small influence of the spin-orbit 
interaction in this metallic compound. The exchange splitting 
of Mn 2p core levels was evaluated within HF approximation. 
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FIG. 6: Calculated (a) XAS and (b) XMCD spectra of a- 
Ge2Mn at the L 2 ,3-edges of Mn. The calculated XMCD spec- 
trum is shown by a thin red line. The same spectrum after 
convolution with the Lorentzian and Gaussian functions is 
shown by a thick line. The exchange splitting of Mn 2p core 
levels was evaluated within the HF approximation. 

structure containing the same amount of substitutional 
and interstitial Mn. This phase is all the more favorable 
when the concentration of substitutional or interstitial 
Mn increases.— 

The XAS and XMCD spectra of a-Ge 2 Mn were cal- 
culated and convoluted with Lorentzian and Gaussian 
functions in the same manner as it was done for Gc 3 Mn5. 
The resulting spectra are shown in Fig. [5] As in the case 
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FIG. 7: Calculated XMCD spectra at the L 2 ,3-edges of Mn in 
different (Ge,Mn) compounds (a) a-Ge4Mn, (b) C16-Ge4Mn, 
(c) GesMn with substitutional Mn in Ge with diamond struc- 
ture and (d) Ge4Mn with interstitial Mn in Ge with the di- 
amond structure. The calculated XMCD spectrum is shown 
by a thin red line. The same spectrum after convolution with 
the Lorentzian and Gaussian functions is shown by a thick 
black line. The exchange splitting of Mn 2p core levels was 
evaluated within the HF approximation. 



of GeaMns, it is predicted that XAS of a-Ge2Mn has no 
fine structure so that it can hardly be used to study the 
local atomic environment of Mn. 

In contrast, the XMCD spectrum has a more detailed 
structure (Fig. , and for this reason only XMCD spec- 
tra will be further considered. The L2 ; 3 XMCD spectrum 
of Mn contains a negative line A, followed by a slightly 
negative broad line B in the L3 edge. The positive line C 
at the L2 edge is not symmetric: its left side is sharper 
that the right one. This asymmetry is due to a splitting 
of the line C into a more intense Ci and a less intense C2 
lines. 

The positive line B, observed in the XMCD spectrum 
of Ge3Mn 5 , is absent in the spectrum of a-Gc 2 Mn. The 
local magnetic moment of Mn in this structure is low 
(l/is), and the exchange splitting of Mn 2p-states is 
small. As it was shown in previous section, the line B is 
reproduced in calculated spectra of Mn if the exchange 
splitting is properly evaluated, i.e., if the splitting of 2p- 
states underestimated within GGA, is increased approx- 
imately by a factor 2. This suggests that an increase of 
the local spin moment of Mn, together with the corre- 
sponding increase of the exchange splitting, would lead 
to the appearance of the line B in the XMCD spectrum 
of a-Ge 2 Mn. 

As a matter of fact, such an increase of the local spin 
moment of Mn is expected if vacancies are created at the 
Mn positions in a-Ge 2 Mn. In particular, in a a-Ge 4 Mn 
phase which has the crystal structure of a-Ge2Mn, but 
only 50% of Mn atoms in their original positions, the 
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local spin moment of Mn is increased to 2.4 fis (Tab. [J). 
Then line B appears in the theoretical XMCD spectrum 
(Fig. EK). 

D. The C16-Ge 2 Mn structure 

A Ge2Mn phase, related to the a-phases, was pro- 
posed in Ref. This phase has a tetragonal lattice 
structure with a cell volume smaller than the one in bulk 
Ge. The calculated spin moment of Mn in C16-Gc2Mn 
is 1.8 fiB, that is, larger than the Mn spin moment in 
a-Ge2Mn (1.0 /ib)- This increased value of the Mn spin 
moment enhances the exchange splitting of the 2p-core 
states (Fig.EJ). 

Different band structures in the a- and C16-phases, as 
well as different values of the 2p- levels exchange splitting, 
cause differences in their XMCD spectra. The line B in 
the XMCD spectrum of C16-Ge2Mn contains a negative 
part, which is followed by a positive one (Fig. [7)d). This 
unusual behavior of the B line may be used to identify 
the C16-Ge 2 Mn phase. 

E. Ge3Mn and Ge4Mn with diamond structure 

We now consider Ge with the usual diamond struc- 
ture, where Mn atoms are located in substitutional or 
interstitial positions. The Mn concentrations were taken 
to be 25% for substitutional Mn (i.e., Ge 3 Mn) and 20% 
for interstitial Mn (i.e., Gc4Mn). These compositions 
are within the range experimentally observed in different 
Mn-rich (Ge,Mn) phases, 15%-40%J^2^ 

The calculated XMCD spectra of both substitutional 
and interstitial Mn in Ge (Fig. [7]c,d) are quite close. In 
Ge3Mn with substitutional Mn, the intensity of line C is 
larger than in other phases. In Ge4Mn with interstitial 
Mn, line B is weaker, in spite of a large local spin moment 
on Mn and the related large exchange splitting of 2p- 
states (Tab. JJ. Also line C is narrower than in other 
compounds. 



nanocolumns but also in the matrix and at the interface. 
All these factors make it difficult to use XMCD spectra 
for the determination of the crystal structures of metallic 
compounds. However, the more accurate calculation of 
the XMCD spectra using the precise calculation of the 
eigenvalues of the initial 2p-states within the Hartree- 
Fock approximation reveals details on the XMCD spec- 
tra lincshape (e.g. the presence or absence of the positive 
peak labeled B at about 643 eV) that were up to now 
eluded in standard calculations. 



IV. SUMMARY AND CONCLUSIONS 

XAS and XMCD spectra at the L/2,3 edges of Mn in 
different (Ge,Mn) compounds were calculated from first 
principles. Early calculations show that DFT-based cal- 
culations are not able to reproduce some features in the 
XMCD spectra of Mn. In particular, the positive part of 
the L3 edges of Mn in Gc3Mn5 is absent in the calculated 
XMCD spectrum, while it is observed in experiment. In 
this work we show that this positive part can be repro- 
duced if the eigenvalues of initial 2p-states are calculated 
within HF approximation. The final valence states can 
be still described within DFT, since the DFT eigenvalues 
in metals are rather close to quasiparticle energies. The 
effect of spin-orbit interaction between valence electrons 
was also considered and found to be small. 

(Ge,Mn) compounds with a large content usually fea- 
ture a metallic character. The XAS of such metallic 
compounds are broad and have no particularities which 
can help to identify different compounds. XMCD spectra 
have a more detailed structure and their shape depends 
on the local spin moment of Mn and the crystal structure. 
In this work we compare XMCD spectra calculated for 
two energetically stable phases of (Ge,Mn), with those 
calculated for substitutional and interstitial Mn in Ge. 
The XMCD spectra of all the (Ge,Mn) phases have a 
similar structure and shape, but also small peculiar fea- 
tures which can be used to identify a particular (Ge,Mn) 
compound. 



F. Discussion 

Many-body effects, such as relaxation of the electron 
system after excitation^ and the mixing of L2 and L3 
edges due to Coulomb interaction between electrons of 
Mn^£ are not taken into account in this calculation and 
may modify the XMCD spectrum. In addition, the in- 
fluence of defects on the electronic state of Mn should be 
also taken into account when a comparison to experimen- 
tal spectra is done, as well as the disordered structures 
in the nanocolumn samples, which contain Mn in the 
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